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ABSTRACT 
Marshes impacted by the Macondo spill continue to erode, releasing crude oil in the form of a soft 
asphalt or emulsion to adjacent shallow embayments. This process moves highly weathered crude 
oil from the marsh profile to comparatively high-energy, shallow, open-water systems where 
geochemical and microbiological conditions may influence additional weathering. Specifically, 
we hypothesize that the erosion process can accelerate biodegradation by moving crude oil asphalts 
and emulsions from a low-energy, anoxic environment in the marsh to a higher-energy, oxic 
environment in these shallow embayments. Sediment samples were taken in summer 2017 and 
2018 across transects which bisect the boundary between a contaminated marsh and Barataria 
Basin, in the vicinity of Bay Jimmy/Bay Batiste where significant oiling occurred on the marsh 
surface. Samples were analyzed by GC-MS and weathering ratios constructed from 2 and 3-ring 
PAH compound series (C1-, C2-, C3- and C4-, alkylated  phenanthrenes and dibenzothiophenes) 
compared with 4-ring PAH series, computed from C1-, C2 and C3-chrysene data. Bacterial 
populations were assessed using Ilumina sequencing using MiSeq protocols and non-matrix 
dimensional scaling to compare microbial community structure. In addition, microbial data was 
mined for the abundance of sequences associated with known PAH degraders from genera such as 
Halomonas and Marinobacter, previously identified on the marsh surface. Dialysis samplers, 
placed along the same offshore transect, measured nutrients, N and P, and redox indicators like 
sulfate. Results indicate that secondary deposition of crude oil derived PAHs is not occurring 
uniformly across these embayments. A defined oil layer was absent from offshore cores. Relative 
PAH weathering, microbial community structure and porewater geochemistry are discussed to 
draw conclusions on ongoing weathering of Macondo oil in these systems.
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CHAPTER 1. INTRODUCTION 
1.1. Background 
The Deepwater Horizon (DWH) oil spill occurred on 20 April 2010 in the Gulf of Mexico 
(GOM) when a British Petroleum (BP) offshore oil rig suddenly exploded and became engulfed 
in flames (Atlas and Hazen 2011). Figure 1.1 shows the location of the well head relative to the 
study site. The blowout allowed for crude oil to flow out into the GOM for approximately 86 days 
until the well was capped (McNutt et al. 2012). National Incident Command’s Flow Rate Technical 
Group (FRTG) estimated that 4.9 million barrels was released. Furthermore, FRTG estimated that 
3% of the oil released was skimmed, 5% was burned, 8% was chemically dispersed, 16% was 
naturally dispersed, 17% was captured, and 25% was evaporated or dissolved which leaves 26% 
remaining (Atlas and Hazen 2011). Simulations of the transports and landfall of Macondo oil 
determined that about 10,000 to 30,000 tons of oil that reached the shoreline with 90% being 
Louisiana shoreline (Boufadel et al. 2014). 7,058 km of shoreline was surveyed in the GOM, 1,773 
km was affected by crude oil ranging from heavily to trace amounts of oil contaminations where 
the oiling category was based on oiling width, distribution, and thickness (Zengel 2013). The 
majority of crude oil washed ashore the Louisiana coast (60.6%) which results in 1,074 km of 
contaminated shoreline (Michel et al. 2013). Heavy oiling occurred in Northern Barataria Bay 
where 49 km of heavily oiled shoreline was observed (Zengel 2013). 11 km of which was treated 
during 2011 and 536 tons of oiled vegetation was removed. Early response treatments were 
vacuuming from boats, low- pressure flushing, use of sorbent boom, and manual recovery using 
nets and scoops. 
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Figure 1.1. Bay Jimmy Sampling Site relative to the Deepwater Horizon Incident 
Crude oils consist of primarily hydrocarbons (>80%) and other non-hydrocarbon 
compounds containing nitrogen, oxygen, metals, and sulfur (Overton et al. 2016). Approximately 
1.7 *1011 g of C1 - C5 hydrocarbons were released into the northern GOM (Reddy et al. 2012).  
Crude oils ability to smother and coat, deplete oxygen, and enrich carbon are additional factors 
that can cause damage to the environment (Overton et al. 2016). The environmental factors that 
amplify or mitigate natural depletion of crudes are nutrients, salinity, temperature, oxygen, oil 
composition, and the natural microbial community (Beazley et al. 2012). PAHs are of interest due 
to their toxicity, ability to accumulate in the food web, and their recalcitrance (Albers 2003). PAHs 
are compounds that are comprised of two or more benzene rings. Although there are many PAHs 
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that exist there are only 16 PAHs registered under the priority environmental pollutants by the 
United States Environmental Protection Agency (Table 1.1). 
Table 1.1. Substance Names for the 16 PAH Compounds Listed as Priority Environmental 
Pollutants (US EPA). 
Acenaphtylene Naphthalene Dibenzo[a,h]anthracene Benzo[k]fluoranthene 
Fluoranthene Fluorene Benzo[a]pyrene Benzo[b]fluoranthene 
Indeno[1,2,3-cd]pyrene Acenaphthene Benzo[g,h,i]perylene Anthracene 
Pyrene Benz[a]anthracene Chrysene Phenanthrene 
 
PAH degradation by bacteria is either carried out aerobically or anaerobically with aerobic 
conditions being the preferred method (Baboshin, 2012, Mihelcic, 1988). The bacterial catabolism 
under aerobic conditions uses oxygen as the electron acceptor for cleavage of the aromatic rings. 
Without the presence of oxygen, anaerobes may use nitrate, sulfate, or ferric ions as final electron 
acceptors for biodegradation of PAHs (Ghosal et al. 2016). Several factors affect the 
biodegradation of PAHs such as temperature, pH, oxygen, nutrient availability, oxygen, and 
bioavailability (Ghosal et al. 2016). These factors can vary spatially therefore the biodegradation 
processes vary depending where the contaminant are deposited (Elango et al. 2014). Furthermore, 
PAHs refer to a wide range of compounds that vary among themselves in volatility, solubility, and 
toxicity. For example, low molecular weight (LMW) PAHs (contain two or three aromatic rings) 
are more volatile and soluble in water compared to high molecular weight (HMW) and therefore 
more susceptible to biodegradation (Pannu et al. 2003). In addition, microbes may also have 
difficulty accessing the PAHs within the crude oil form due to their ability to sorb to soil particles 
(Johnsen et al. 2005). Phyla which are known to contain hydrocarbon degrading species are 
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Proteobacteria, Bacteriodetes, and Actinobacteria (Head et al. 2006). Despite this potential, PAHs 
can persist in marsh environments due to absence of key electron acceptors such as oxygen.  
 Shoreline erosion varies across the Louisiana coast depending on factors such as sediment 
input, fetch, wave energy, vegetation, root zone, and subsidence. Salt marshes affected by the 
DWH oil spill eroded quicker than unoiled shoreline during a 6 month interval immediately post-
spill at a statistically significant rate (Turner et al. 2016). Furthermore, this study suggests that 
damage to plants from oiling conditions may exacerbate shoreline erosion. This suggests that the 
resilience of a marsh affected by oil depends on the recovery of the vegetation which is variable. 
If the oil impacts only the aboveground shoots of the vegetation recovery can be relatively quick. 
However, when oil penetrates the soil and causes extensive plant mortality the recovery can take 
3-4 years (Mendelssohn et al. 2012). Another study done in Bay Batiste post-spill concluded that 
although there were higher erosion rates when comparing heavily oiled and low oil conditions 
there was no significant difference found in erosion rates (McClenachan et al. 2013). Furthermore, 
high concentrations of petroleum hydrocarbons (> 500 mg g-1) was able to kill above and 
belowground biomass while moderate concentrations (> 70 mg g-1) were unable to kill either below 
or aboveground biomass (Lin et al. 2016). Belowground biomass is critical to marsh stability 
because of the strength roots give soil (Tengbeh 1993). Several studies found that erosion was 
increased at statistically significant levels post oiling but returned to background levels three to six 
years post-spill (Beland et al. 2017, Rangoonwala et al. 2016). The erosion process in the marsh 
allows for the crude oil to move into a new environment, the adjacent embayments, with a different 
potential for weathering. 
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1.2. Research Objectives 
The objectives of this study are; (i) assess PAH weathering in a salt marsh/bay environment 
which was affected by the 2010 DWH oil spill, (ii) understand the effects of changes in 
environmental conditions (changes in dissolved oxygen and nutrients) that occur during erosion 
and its impact on additional degradation of weathered MC252 oil (iii) examine sediment bacterial 
community structure in these environments. 
1.3. Environmental Relevance 
This thesis will discuss the persistence and fate of weathered MC252 oil in the Louisiana 
coastal wetlands. Heavily oiled marshes continue to erode and consequently present opportunities 
for oil remobilization and exposure risks for flora and fauna in the area. This thesis seeks a better 
understanding of the biodegradation potential of crude oil as it erodes from the marsh. The 
information presented in this thesis may assist in future oil spill response and cleanup. 
1.4. Organization of Thesis 
The thesis contains information from a field and lab study involving the weathering of 
MC252 oil in a salt marsh setting. Chapter 2 investigates the weathering of crude oil in sediments 
on the marsh shoreline as well as the sediments in the bay. Furthermore, Chapter 3 includes the 
laboratory experiment portion which aims to simulate the transport of contaminated marsh 
sediments into an oxic embayment area. Finally, Chapter 4 summarizes the results and implications 
from Chapters 2 and 3 as well as highlights areas of future research. 
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CHAPTER 2. FATE OF ERODING CRUDE OIL ASPHALT AND EMULSION 
IN SHALLOW MARSH EMBAYMENTS OF BAY JIMMY: FIELD STUDY 
 
2.1. Introduction 
 Crude oil from the DWH spill reached Louisiana shorelines in May 2010. Heavy oiling 
was very widespread in the northern Barataria Bay salt marshes (Michel et al. 2013, Zengel 2013). 
Consequently, in 2011, cleanup treatments were deployed using sorbents and low-pressure water 
flushing (Michel and Rutherford 2014). However, these treatments were not effective for all of the 
affected shoreline (Zengel et al. 2015). Core sampling at Bay Jimmy salt marsh where treatment 
and replanting have been performed still detect PAH concentrations (Rodrigue 2014). Therefore, 
oil remobilization and exposure is a continued risk for surrounding ecosystems. 
 The extent of remobilization of oil present in the salt marsh depends on several factors such 
as wave action, tidal motion, and storms (Rangoonwala et al. 2016, Wilson and Allison 2008).  Oil 
contamination exists on the marsh surface as well as the subsurface with detection of PAHs up to 
20cm beneath the surface (Rodrigue 2014). Furthermore, the erosion of contaminated marsh soil 
can be deposited into the bay or, in some cases be driven further back into the marsh. The 
movement of contaminated sediments into new environments can influence degradation. 
There are several factors that affect the degradation of PAHs such as temperature, pH, 
nutrient availability, oxygen, and bioavailability can vary greatly spatially (Elango et al. 2014, 
Ghosal et al. 2016). Therefore, the location of the oil contaminated soil is critical to degradation. 
Specifically, buried contaminated marsh soils eroded and released into the bay are exposed to a 
more aerobic environment, which may be more favorable for degradation (Figure 2.1) (Baboshin 
and Golovleva 2012, Mihelcic and Luthy 1988). 
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Figure 2.1. Schematic of contaminated marsh edge being eroded. 
 Oil exploration continues to thrive in the Gulf of Mexico and the possibility for oil spill 
disasters are present to this day. Therefore, an understanding of the crude oil degrading bacterial 
communities are necessary for not only the cleanup and monitoring of past spills but for any future 
management of potential spills. Core samples were taken in a heavily contaminated salt marsh and 
adjacent bay in order to monitor the current level of contamination from the 2010 DWH oil spill. 
This was done by analyzing the core samples for PAH concentrations, constructing weathering 
ratios from these PAH data, as well as conducting next-generation sequencing of genomic DNA 
to analyze microbial community structure. 
2.2. Materials and Methods 
2.2.1. Site Description 
The salt marsh study site is located on an island in Barataria Bay in the vicinity of Bay 
Jimmy/Bay Batiste, Louisiana (Figure 2.2). Spartina alterniflora dominates the marsh with some 
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Avicennia germinans along the marsh edges. The water column depth during the summer sampling 
periods were about 1 m. The tides are diurnal and have an amplitude of about 0.3 m (NOAA).  
 
Figure 2.2. Aerial Image of the Study Site. 
2.2.2. Core Sampling 
 Three sets of sediment cores (10 cm diameter, 30 cm depth) were taken across transects 
of the marsh in the summer of 2017. Coring locations were recorded using Global Positioning 
System (GPS). The first set was taken on the marsh shoreline. The next two sets were taken 5’ 
and 20’ from the marsh shoreline (Figure 2.3). The sediment cores were brought back to the lab, 
sectioned, and stored at 3 °C prior to oil and DNA extraction (Table 2.1).  
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Figure 2.3. Satellite Image of Study Site. 
Table 2.1. List of sediment core sections. 
Location Sediment Core # Recovery (cm) Core Sections 
Marsh Core 1 21.59 5 
Core 2 20.32 6 
Core 3 11.43 4 
Nearshore Core 4 27.94 7 
Core 5 20.96 6 
Core 6 26.67 7 
Offshore Core 7 26.67 7 
Core 8 27.94 8 
Core 9 27.94 7 
*57 total sections/samples 
  
M – Marsh 
NS – Nearshore (5’ from Marsh) 
OS – Offshore (20’ from Marsh) 
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2.2.3. PAH Extraction and Analysis 
PAHs were extracted from sediment using Dionex Accelerated Solvent Extraction 
(Thermo Scientific). The sediment samples were homogenized and then subsampled for 
approximately 10 grams. The subsamples were mixed with diatomaceous earth for moisture 
removal and finally placed in a cell for extraction. The extractor pressurize and heats the cell 
containing the sample to 1700 PSI and 100 °C while extracting the oil constituents with 1:1 hexane 
and acetone as the solvents. The resulting extract of approximately 50 mL was then concentrated 
to 10 mL using a RapidVap N2 Dry Evaporation System (Labconco, USA). 1 mL of extract plus 5 
µL of deuterated internal standard (naphthalene, acenapthylene, phenathrene, and chrysene) were 
added to a 1.5 mL Agilent vial. One µL from each vial was injected to Hewlett Packard 6890N 
gas chromatograph equipped with a HP series autosampler, DB 5 capillary column (30 m x 0.25 
mm x 0.25 μm film), and 5973N mass selective detector. Helium was used as the carrier gas at a 
rate of 5.7 mL/min. The temperature program was as follows: injector 300°C, detector 280°C, 
oven temperature: 45°C for 3 min then increased at 6°C/min to 315°C and held for 15 min. For 
each set of samples, the QA/QC included adding blanks (1 mL hexane/acetone at 1:1 with 5 μL 
internal standard), using internal standard within each sample and running a calibration check 
sample. The PAHs of interest are listed in Table 2.2. 
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Table 2.2. List of Measured PAH Compounds. 
Napthalenes Phenanthrenes Dibenzothiophenes Chrysenes Fluorenes Others 
C0-Naphthalene 
 
C0-Phenanthrene 
 
C0-Dibenzothiophenes 
 
C0-Chrysenes 
 
C0-Fluorenes 
 
Hopanes 
C1-Naphthalene 
 
C1-Phenanthrene C1-Dibenzothiophenes 
 
C1-Chrysenes 
 
C1-Fluorenes 
 
Fluoranthene 
C2-Naphthalene 
 
C2-Phenanthrene C2-Dibenzothiophenes 
 
C2-Chrysenes 
 
C2-Fluorenes 
 
Pyrene 
C3-Naphthalene 
 
C3-Phenanthrene 
 
C3-Dibenzothiophenes 
 
C3-Chrysenes 
 
C3-Fluorenes 
 
Acenapthylene 
C4-Naphthalene 
 
C4-Phenanthrene    Acenapthene 
 
2.2.4. Weathering Ratios 
In order to analyze weathering trends for PAHs present, weathering ratios (WRs) are used. 
Weathering ratios (Equation 1 & 2) compare more readily degradable compounds to recalcitrant 
compounds where the 3-ringed PAHs phenanthrene and dibenzothiophene are compared to the 4-
ringed chrysene. The WRs computed will be compared to a reference WR from crude oil collected 
at the surface of the DWH site (Diercks et al. 2010).  
Equation 1.  𝑷𝑾𝑹 = (𝜮𝑷𝑯𝑬𝑵)(𝜮𝑷𝑯𝑬𝑵+𝜮𝑪𝑯𝑹𝒀) 
Equation 2.  𝑫𝑾𝑹 =	 (	𝜮𝑫𝑩𝒁)(𝜮𝑫𝑩𝒁+𝜮𝑪𝑯𝑹𝒀) 
 
2.2.5. DNA Extraction and Analysis 
Bacterial community characterization for sediment samples was done by genomic DNA 
extraction using a PowerSoil DNA Isolation Kit® (MoBio Laboratories Inc.). Each sediment 
sample was homogenized and a 0.5 gram subsample was taken for genomic DNA extraction with 
a couple modifications to amplify the resulting extraction, (i) removing 200 μL of solution in the 
Powerbead tubes and adding 200 μL of phenol before adding the sample into the tube (ii) 
combining duplicate samples into one collection tube at the very end of extraction. DNA 
concentration as well as 260/230 and 260/280 purity ratios were measuered using Thermo 
Scientific NanoDropTM spectrophotometer. After measuring the quality of the DNA extraction 
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samples, they were sent to Michigan State University for sequencing by PCR targeting the V4 
region of the 16S rRNA gene on the Illumina Mi-Seq Platform. Sequenced data was processed and 
analyzed using mothur v.1.34.4 (Kozich et al. 2013). The differences in bacterial population were 
shown quantitatively using non-metric multidimensional scaling (NMDS). Furthermore, analysis 
of molecular variance was done to compare bacterial populations. The relative abundance and 
richness for phyla which can be described as hydrocarbon degrading bacteria can then be presented 
and discussed. 
2.2.6. Nutrient Porewater Profiles 
 Sampling of porewater was done at each of the three transects using 2.5’ long dialysis 
samplers constructed from plexiglass (Hesslein, 1976). Dialysis samplers have 70 cells filled with 
deionized water held by a HT-200 0.2 µm pore size membrane (Pall Corporation). This allows for 
diffusion sampling of water across the membrane. The samplers were inserted vertically at each 
transect and retrieved after approximately 2 months. However, the marsh and nearshore samplers 
were lost and only the offshore sampler was retrieved.  
During the retrieval process, water from the sampler cells was removed using a syringe, 
placed into 1.5 mL Agilent screw-top vials, and stored in a cooler with ice until laboratory analysis. 
In the lab, samples were stored no longer than 1 week at 3°C before analysis. A SmartChem 170 
Discrete Analyzer (Unity Scientific Inc.) was used to measure ammonium (NH4+), nitrate (NO3-), 
nitrite (NO2-), orthophosphates (PO43-), and sulfate (SO42-) concentrations using EPA methods 
#353.2, 353.3, 365.1, 350.1 and 375.4, respectively. QA/QC included blanks and 5-point 
calibration before every run. 
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2.3. Results and Discussion 
2.3.1. Weathering of Oil 
 The sampling of Bay Jimmy marsh shoreline in the summer of 2017 showed increasing 
total PAH concentration with increasing depth (Figure 2.4). The sampling at the nearshore and 
offshore locations had minimal detection of the PAH contaminants and no trend with increasing 
depth (Figure 2.5). 
 
Figure 2.4. Average total PAH concentrations measured in sediment cores taken along marsh 
edge. 
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Figure 2.5. Average total PAH concentrations measured in sediment cores taken along nearshore 
and offshore. 
 
 A total of 15 samples from the marsh edge were analyzed for PAHs from the 2017 sampling 
of Bay Jimmy. About 5 sections for each of the three cores taken along the marsh edge transect. 
The PWR and DWR were averaged and computed for all marsh samples (Figure 2.6). In addition, 
WRs were computed from MC252 oil near the wellhead at the seas surface served as a reference 
for comparison which is indicated by the star in Figure 2.6 (Diercks et al. 2010). WR values close 
to zero indicate more weathering whereas WR values approaching 1 indicate poorly weathered oil. 
The weathering process occurs immediately after the release of MC252 oil therefore weathering 
may have occurred at sea as the oil traveled to shore as well as further weathering once the oil 
deposited onto the shore April 2010 (Michel et al. 2013). WRs were not constructed for the core 
taken along the nearshore or offshore transect because the concentration of alkylated 
phenanthrenes and dibenzothiophenes were close or below the detection limit. 
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Figure 2.6. Average phenanthrene and dibenzothiophene weathering ratios from marsh edge 
sediment cores. 
 
2.3.2. Nutrients 
 Nutrients (NO3- , PO43-) and electron acceptor (SO42-) were measured from pore water 
collected by using dialysis samplers for diffusion based sampling. Samplers were placed along 
marsh, nearshore, and offshore. However, only the offshore sampler was recovered. The sulfate 
concentrations range between 100 – 400 mg/L for the top 20 cm and drop below 50 mg/L below 
40 cm depth (Figure 2.7).  
 
Figure 2.7 Pore water profiles for nitrate, sulfate, and phosphorus (7/12/17 – 9/18/17). 
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2.3.3. Bacterial Community Analysis 
 Differences in bacterial community structure were analyzed by relative abundance present 
in low concentration and high concentration of total PAHs. Bacterial communities were 
determined by Illumina MiSeq profiles of PCR-amplified 16S rRNA gene fragments of soil core 
samples. There are 3 groups of sediment coring samples which are distinct with respect to the 
distance from the shoreline: Marsh, Nearshore, and Offshore. A total of 1,087,030 sequences were 
found in Marsh. In addition, a total of 1,332,597 sequences were found in Nearshore and 913,645 
sequences. The richness for class level taxonomy for all sediment samples are shown in Figure 
2.8.  
 
 
Figure 2.8. The number of OTUs observed (Richness) at class level taxonomy rank for each 
sediment core section. 
 
 The Simpson diversity index was used to measure diversity at class level taxonomy (Figure 
2.9). This metric accounts for both richness and evenness (Jost 2006). Index values close to 1 
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samples range between 0.78 – 0.93 with the exception of a single outlier from the nearshore core 
which has a Simpson diversity index value of 0.61. This sample (ID 33) does not appear as an 
outlier in the preceding figure which measured richness suggesting the low diversity of the sample 
is due to poor evenness. The class Bacilli was present at 61% relative abundance while the second 
most abundant class within the sample was Anaerolineae at 11% relative abundance.  
 
Figure 2.9. Simpson index of diversity at class level taxonomy for each sediment core section. 
 In order to compare the bacterial community structure among the respective sampling 
locations, relative abundances of taxonomic classes were quantified (Figure 2.10). The relative 
abundance shown are the average of three sectioned sediment cores taken along transects of the 
Marsh, Nearshore, and Offshore (n=15, n=20, and n=17). Gammaproteobacteria class is dominant 
in the highly contaminated marsh sediments while Anaerolinae is the dominant class in the 
nearshore and offshore locations.  
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Figure 2.10. Class-level microbial community profile of the most abundant phylotypes for each 
sampling location. Relative abundances are displayed for the top 20 phylotypes the remaining are 
binned into the “others” category. 
 
 The bacterial structure can be analyzed further with genus-level characterization. The 
average highest abundance genera present in Gammaproteobacteria, Alphaproteobacteria, 
Deltaproteobacteria for the Marsh, Nearshore, and Offshore sediment core locations are shown in 
table 2.3, 2.4, 2.5. In table 2.3, the top abundance genera contained within the 
Gammaproteobacteria class are shown. The relative abundance of Gammaproteobacteria in the 
marsh, nearshore, and offshore were 29%, 2.2%, and 3% respectively. The KCM-B-112 phylotype, 
an uncultured Acidithiobacillales clone, accounted for most of the abundance in the marsh 
sediments. This phylotype is from the Acidithiobacillale family and has been observed in oil 
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contaminated soil (Eglantina Lopez-Echartea and Yrjälä 2019, Hershey et al. 2018, Marti et al. 
2017).  Additionally, Marinobacter, a known alkane and PAH degrader, was present in the marsh 
sediments (Fathepure 2014, Kostka et al. 2011). Acinetobacter, an aerobic alkane degrading 
phylotype was observed in the nearshore sediments (Kostka et al. 2011, Parthipan et al. 2017). 
Woeseia, a facultative chemoheterotrophic anaerobe capable of degrading hydrocarbons was 
identified in the offshore sediments (Bacosa et al. 2018). Finally, Burkholderiaceae, a family that 
contains microbes that may degrade hydrocarbons, alkanes, and PAHs was identified in the 
offshore sediments (Yang et al. 2016). 
  
   
 
20 
 
Table 2.3. Relative abundance of genera within Gammaproteobacteria for Marsh, Nearshore, and 
Offshore locations. 
Marsh 
Genus Relative Abundance (%) 
KCM_B_112 45.9 
Gammaproteobacteria_unclassified 26.7 
Others 21 
Marinobacter 3.2 
Thiogranum 3.2 
Nearshore 
Others 46.9 
Gammaproteobacteria_unclassified 21.3 
Thioalkalispiraceae_unclassified 10.8 
Acinetobacter 13.4 
Coxiella 7.6 
Offshore 
Others 60.8 
Gammaproteobacteria_unclassified 20.6 
Woeseia 13 
Burkholderiaceae_unclassified 5.6 
 
In table 2.4, the top abundance genera contained within the Alphaproteobacteria class are 
shown. The relative abundance of Alphaproteobacteria in the marsh, nearshore, and offshore were 
13.5%, 3%, and 3.4% respectively. Parvibaculum, a genera identified with the degradation of 
alkanes was observed in the marsh sediments (Al-Jawasim et al. 2015, Looper et al. 2013). 
Moreover, Rhodobacteraceae, was observed in the nearshore sediments. The Rhodobacteraceae 
family have been detected in the oiled sediments (Kostka et al. 2011). 
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Table 2.4. Relative abundance of genera within Alphaproteobacteria for Marsh, Nearshore, and 
Offshore locations. 
Marsh 
Genus Relative Abundance (%) 
Others 78.1 
Rhizobiales_unclassified 8 
Parvibaculum 7.2 
Xanthobacteraceae_unclassified 6.7 
Nearshore 
Others 50.8 
Methyloligellaceae_unclassified 27.3 
Rhizobiales_unclassified 14 
Rhodobacteraceae 7.8 
Offshore 
Methyloigellaceae_unclassified 33.7 
Others 40.5 
Rhizobiales_unclassified 11.2 
Pseudolabrys 7.2 
Defluviicoccus 7.4 
 
In table 2.5, the top abundance genera contained within the Deltaproteobacteria class are 
shown. The relative abundance of Deltaproteobacteria in the marsh, nearshore, and offshore were 
9.64%, 6.5%, and 10.7% respectively. Marsh, nearshore, offshore locations all contained the 
sulfate reducing genera Desulfatiglans which are known to degrade aromatic hydrocarbons 
including phenanthrene, a HMW PAH (Jochum et al. 2018, Shin et al. 2019). 
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Table 2.5. Relative abundance of genera within Deltaproteobacteria for Marsh, Nearshore, and 
Offshore locations. 
Marsh 
Genus Relative Abundance (%) 
Others 72.1 
MBNT15_ge 10.9 
Deltaproteobacteria_unclassified 7.8 
Desulfatiglans 5.1 
Desulfobacca 4.1 
Nearshore 
Others 37.7 
Desulfatiglans 35.5 
Deltaproteobacteria_unclassified 13.5 
Desulfobacca 13.3 
Offshore 
Desulfatiglans 47 
Others 34.4 
Deltaproteobacteria_unclassified 9.5 
Uncultured 9.1 
 
 The bacterial community structure for each individual core is show in Figure 2.11. The 
relative abundance shown are the average of all sections for each of the sediment cores, where 
Cores 1 – 3 were taken along the Marsh transect, Cores 4 – 6 were taken along the nearshore 
transect, and Cores 7 – 9 were taken along the offshore transect. Gammaproteobacteria class is 
dominant in the highly contaminated marsh sediments (Core 1-3) while Anaerolinae is the 
dominant class in the nearshore and offshore locations (Core 4-9). AMOVA comparisons for 
sediment cores within the same transect did not significantly differ (𝑝 < 0.005) (Table C-1).  
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Figure 2.11. Class-level microbial community profile of the most abundant phylotypes for each 
sediment core. Relative abundances are displayed for the top 20 phylotypes the remaining are 
binned into the “others” category. 
 
 Non-metric multi-dimensional scaling (NMDS) was used to assess the similitude of the 
bacterial populations observed in the marsh, nearshore, and offshore locations. NMDS ordination 
solutions of OTUs classified from 16S rRNA sequencing were plotted in 3-dimensions (Figure 
2.12). Each of the locations tend to cluster irrespectively of each other with few outliers. An 
analysis of molecular variance was done to evaluate the statistical difference. Comparisons of 
spatial separation between Marsh, Nearshore, and Offshore were all statistically significant (𝑝 <0.005).  
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Figure 2.12. NMDS analysis of bacterial populations from Bay Jimmy sediment samples. 
 Metastats commands were run on mothur in order to identify the phylotypes above 1% 
abundance that are responsible for statistically significant differences observed. The class of 
bacteria present in marsh sediments that were responsible for statistical differences in Marsh vs. 
Nearshore and Marsh vs. Offshore comparisons were Gammaproteobacteria, Deinococci, 
Deferribacteres, and Campylobacteria. The class Gammaproteobacteria contain various genera, 
Alcanivorax, Marinobacter, Halomonas, and Pseudomonas which are known to degrade various 
hydrocarbons (Li et al. 2019, Sabirova et al. 2008). The nearshore sediments had Exiguobacterium 
at statistically higher levels than the marsh sediments oil (𝑝 < 0.005). Exiguobacterium is a genera 
of bacteria capable of petroleum hydrocarbon degradation (Chen et al. 2017) 
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2.4. Conclusions 
 PAH concentrations and weathering ratios indicate that the marsh edge sediments are still 
highly contaminated. Most of the contamination in marsh sediments were due to the heavier, more 
recalcitrant PAHs such as alkylated phenanthrenes, dibenzothiophenes, and chrysenes. However, 
PAHs measured in the nearshore and offshore sediments indicate there is no heavy oiling that 
exists in the bay sediments which are adjacent to a heavily oiled shoreline. Furthermore, significant 
differences in bacterial communities were observed between the marsh, nearshore, and offshore 
sediment samples. Although, the nearshore and offshore contained some of the oil degrading 
microbes, they were at much less abundance compared to those existing in the heavily oiled marsh 
sediments. 
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CHAPTER 3. FATE OF ERODING CRUDE OIL ASPHALT AND EMULSION 
IN SHALLOW MARSH EMBAYMENTS OF BAY JIMMY: LAB STUDY 
 
3.1. Introduction 
 Crude oil from the DWH spill reached Barataria Bay salt marshes in May 2010. Heavy 
oiling was very widespread within the salt marshes (Kokaly et al. 2013, Michel et al. 2013, Zengel 
2013). Oil remobilization and exposure is a continued risk for the surrounding ecosystems. The 
extent of remobilization of oil present in the salt marsh depends on several factors such as wave 
action, tidal motion, and storms. Oil contamination can exist on the marsh surface as well as the 
subsurface with detection up to 20cm beneath the surface (Rodrigue 2014). Furthermore, with the 
possibility of remobilization, contaminated marsh soil can be pulled out into the bay or in some 
case be driven further back into the marsh (Rangoonwala et al. 2016). The location of the 
contaminated soil is critical because the several factors that affect the bioremediation of PAHs 
such as temperature, pH, oxygen, nutrient availability, oxygen, and bioavailability can vary greatly 
spatially (Elango et al. 2014, Ghosal et al. 2016). Specifically, buried contaminated marsh soils 
eroded and released into the bay are exposed to a more aerobic environment, which may be more 
favorable for degradation (Baboshin and Golovleva 2012, Mihelcic and Luthy 1988). 
 The objective of this study is to mimic the introduction of oiled marsh sediment to an oxic 
bay environment. Aquaria containing bay water and oiled marsh sediment were set up in 
succession in order to analyze the degradation of PAHs in response to maintained dissolved 
oxygen levels.  This was done by measuring nutrients, dissolved oxygen, and analyzing sediment 
samples for PAH concentrations at different time steps, constructing PAH weathering ratios, and 
conducting next-generation sequencing of genomic DNA to analyze microbial community 
structure. 
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3.2. Materials and Methods 
3.2.1. Study Site Location 
The salt marsh study site is located on an island in Barataria Bay in the vicinity of Bay 
Jimmy/Bay Batiste, Louisiana (Figure 3.1). Spartina alterniflora dominates the marsh with some 
Avicennia germinans along the edges. The water column depth during the summer sampling 
periods were about 1 m. The tides are diurnal and have an amplitude of about 0.3 m (NOAA).  
 
Figure 3.1. Aerial Image of the Study Site. 
3.2.2. Sampling 
The Bay Jimmy study site (Figure 3.2) was revisited in the summer of 2018. Three distinct 
oil types were sampled from the highly contaminated marsh edge. The three oil forms are described 
as; (i) pebble, an oil-sediment aggregate found immediately off the shoreface (Figure 3.3) (ii) oil 
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sediment, homogenous oil-sediment aggregates collected off the marsh surface near the edge (iii) 
emulsion, heterogeneous oil-sediment aggregate where clear streaks of mousse are observed. 
 
Figure 3.2. Bay Jimmy sampling locations for pebble, emulsion, and oiled sediment oil types. 
 
Figure 3.3. The three oil forms sampled at Bay Jimmy for lab experiment. 
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3.2.3. Experiment Setup 
In order to reproduce oiled marsh sediment being transferred to an oxic bay environment 
in the lab a succession of aquaria containing water and sediments from Bay Jimmy (Figure 3.4). 
Nine 5 ½ gallon aquaria were set up with bay water. 1-2 kg of each oil type were incubated in 
triplicate for approximately 4 months. The tanks were aerated using Proctor Silex 5-Speed Easy 
MixTM Electric Hand Mixer five days per week for approximately 10 minutes. Dissolved oxygen 
measurements were taken before and after mixing. Furthermore, the waterline was marked 
periodically to keep track of evaporative losses. 
 
Figure 3.4. Experimental setup of tanks and aerators. 
3.2.4. Oil Extraction and Analysis 
PAHs will be extracted from sediment using Dionex Accelerated Solvent Extraction 
(Thermo Scientific). Sediment was collected for PAH measurements initially, an intermediate, and 
at the end of the experiment. The intermediate sampling was done by collecting about 20 g of 
sediment from the front, middle, and back areas of the tank. The end of experiment sampling was 
done by collecting all remaining sediment. The sediment samples were homogenized and then 
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subsampled for approximately 10 grams. The subsamples were mixed with diatomaceous earth for 
moisture removal and finally placed in a cell for extraction. The extractor pressurize and heats the 
cell containing the sample to 1700 PSI and 100 °C while extracting the oil constituents with 1:1 
hexane and acetone as the solvents. The resulting extract of approximately 50 mL was then 
concentrated to 10 mL using a RapidVap N2 Dry Evaporation System (Labconco, USA). 1 mL of 
extract plus 5 µL of deuterated internal standard (naphthalene, acenapthylene, phenathrene, and 
chrysene) were added to a 1.5 mL Agilent vial. One µL from each vial was injected to Hewlett 
Packard 6890N gas chromatograph equipped with a HP series autosampler, DB 5 capillary column 
(30 m x 0.25 mm x 0.25 μm film), and 5973N mass selective detector. Helium was used as the 
carrier gas at a rate of 5.7 mL/min. The temperature program was as follows: injector 300°C, 
detector 280°C, oven temperature: 45°C for 3 min then increased at 6°C/min to 315°C and held 
for 15 min. For each set of samples, the QA/QC included adding blanks (1 mL hexane/acetone at 
1:1 with 5 μL internal standard), using internal standard within each sample and running a 
calibration check sample. 
3.2.5. Nutrient Analysis 
A SmartChem 170 Discrete Analyzer (Unity Scientific Inc.) was used to measure 
ammonium (NH4+), nitrate (NO3-), nitrite (NO2-), orthophosphates (PO43-), and sulfate (SO42-) 
concentrations using EPA methods #353.2, 353.3, 365.1, 350.1 and 375.4, respectively. QA/QC 
included blanks and 5-point calibration before every run. Nutrients were measured initially and 
each 20 days until the end of the experiment. 
3.2.6 Dissolved Oxygen Measurements 
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 Dissolved oxygen measurements were taken by using Hach Company BOD LDO® Probe: 
Model LBOD10101. Measurements were taken before and after mixing 5 days per week 
throughout the duration of the experiment. 
3.2.7. DNA Extraction and Analysis 
Bacterial community characterization for sediment samples was done by genomic DNA 
extraction using a PowerSoil DNA Isolation Kit® (MoBio Laboratories Inc.). Each sediment 
sample was homogenized and a 0.5 subsample was taken for genomic DNA extraction with a 
couple modifications to amplify the resulting extraction, (i) removing 200 μL of solution in the 
Powerbead tubes and adding 200 μL of phenol before adding the sample into the tube (ii) 
combining duplicate samples into one collection tube at the very end of extraction. DNA 
concentration as well as 260/230 and 260/280 purity ratios were measured using Thermo Scientific 
NanoDropTM spectrophotometer. After measuring the quality of the DNA extraction samples, they 
were sent to Michigan State University for sequencing by PCR targeting the V4 region of the 16S 
rRNA gene on the Illumina Mi-Seq Platform. Sequenced data was processed and analyzed using 
mothur v.1.34.4 (Kozich et al. 2013). The differences in bacterial population were shown 
quantitatively using non-metric multidimensional scaling (NMDS). Furthermore, analysis of 
molecular variance was done to compare bacterial populations. The relative abundance and 
richness for phyla which can be described as hydrocarbon degrading bacteria can then be presented 
and discussed. 
  
   
 
32 
 
3.3. Results and Discussion 
3.3.1. Weathering of Oil 
 Statistics were computed in order to detect significant difference between PAH 
concentrations over the duration of the experiment (Table 3.1 & 3.2). A one-tailed t-test was ran 
for the beginning and end PAH measurements of each oil form. There were statistically 
significant decrease in PAHS for all of the oil forms (p < 0.05).  
Table 3.1. Average of total alkylated PAHs measured for each oil form. 
Average Total PAHs µg/g (Mean ± s.e) 
Day Pebble Emulsion Oil Sediment 
0 89.5 ± 1.93 188 ± 18.9 129 ± 23.3 
63 85.4 ± 14.6 154 ± 37.9 61.9 ±7.30 
134 59.3 ± 1.27 63.5 ± 24.78 57.38 ± 22.3 
 
Table 3.2. Statistical and linear regression analysis of total PAH degradation in oil form sediment 
samples. 
Day 0 vs 134 
Oil Type P- Value Degradation Rate Constant (day-1) R2 
Pebble 0.005 0.23 0.88 
Emulsion 0.009 0.95 0.95 
Oil Sediment 0.016 0.52 0.76 
 
The Emulsion oil form had the highest concentration of total PAHs and the Pebble had 
the lowest concentration (Figure 3.5). Furthermore, the Emulsion had the largest decrease in total 
PAHs by the end of the experiment. 
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Figure 3.5. Average total PAHs over time for the duration of the experiment. 
Phenanthrene WRs and dibenzothiophene WRs for each of the oil types were determined 
from PAH analytical data. The average WRs were plotted with standard error bars (Figure 3.6). 
Low WRs indicate weathering of PAHs. The closer data points are to the origin in Figure 3.6, the 
more weathered the PAHs are. The PAHs present in the pebble oil type were more weathered than 
the emulsion and oil sediment types. The pebble also had the least amount of weathering 
throughout the duration of the experiment compared to the other types. The day 0 measurements 
for alkylated dibenzothiophenes and phenanthrenes were slightly weathered for the oiled sediment 
and poorly weathered for emulsion when compared to WRs from initial sampling of MC252 oil 
(Diercks et al. 2010). However, the emulsion had the greatest amount of weathering achieved 
throughout the incubation.  
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Figure 3.6. Double Ratio Plot of Phenanthrene WR and Dibenzothiophene WR. The stars located 
on the x and y axis refer to MC252 sample collected near the wellhead at the time of the spill 
from (Diercks et al. 2010). 
 
3.3.2. Dissolved Oxygen 
 The dissolved oxygen was measured frequently throughout the duration of the experiment 
to mimic the oxic environment in the bay. Oxygen was supplied by mixing up to five times a week 
for about 10 minutes. The DO measurements were taken before and after mixing. The pebble tanks 
had the least amount of DO uptake compared to the other two oil forms (Figure 3.7).  
   
 
35 
 
 
Figure 3.7. Dissolved Oxygen Measurements. 
3.3.3. Nutrients 
 Nutrients (NO3- , PO43-) and electron acceptor (SO42-) were measured periodically 
throughout the experiment. Sulfate concentrations ranged from 800 – 1600 mg/L and increased 
over time (Figure 3.8). The increase in sulfate concentration may have been due to oxidation of 
pyrite in the sediments. Furthermore, the absence of consumption of sulfate indicates that the tanks 
maintained aerobic conditions. The tanks containing the pebble and oiled sediment experienced 
depletion of phosphorus while the emulsion tanks had an increase over time. Ammonia 
concentrations ranged from 0.02 – 0.08 mg/L. 
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Figure 3.8. The average concentration of ammonia, phosphorus, and sulfate over the duration of 
experiment. The arrow indicates the date where an extensive soil sampling was done. 
 
3.3.4 Sediment Bacterial Community Analysis 
 Differences in bacterial community structure were analyzed by relative abundance of 
populations present in each oil type and throughout the duration of the experiment. Bacterial 
communities were determined by Illumina MiSeq profiles of PCR-amplified 16S rRNA gene 
fragments of soil core samples. There are 3 oil type sediment samples: Pebble, Oil Sediment, and 
Emulsion. A total of 1,743,344 sequences were found in the Pebble oil form. Moreover, a total of 
1,490,214 sequences were found in Oil Sediment and 1,766,838 sequences in Emulsion oil forms. 
The richness for all oil form sediment samples at class level taxonomy are shown in Figure 3.9. 
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Figure 3.9. The numbers of OTUs observed (Richness) for the class level taxonomic rank for all 
oil form sediment samples. 
 
The Simpson diversity index was used to measure diversity (Figure 3.10). This metric 
accounts for both richness and evenness (Jost 2006). Index values close to 1 indicate high diversity 
whereas values closer to 0 indicate low diversity. The Simpson diversity index for all samples 
range between 0.78 – 0.90.  
Figure 3.10. Simpson index of diversity for all oil form sediment samples. 
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In order to compare the bacterial community structure among the respective oil forms, 
relative abundances of taxonomic classes were quantified (Figure 3.11). Gammaproteobacteria, 
Alphaproteobacteria, and Deferribacteres are dominant classes in all oil forms, 
Gammaproteobacteria having the largest relative abundance in each oil form. 
 
Figure 3.11. Class-level microbial community profile of the most abundant phylotypes for the 
three oil forms. Relative abundances are displayed only for taxa with 13000 sequences or greater 
and taxa with less than the specified count are binned into the “others” category. 
 
The bacterial community structure can be analyzed further with genus-level 
characterization. The genera present in Gammaproteobacteria, Alphaproteobacteria, 
Deltaproteobacteria for each of the oil forms are shown in tables 3.3, 3.4, 3.5. The relative 
abundance of Gammaproteobacteria in the Pebble, Emulsion, and Oil Sediment forms were 35%, 
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25%, and 26% respectively. The KCM-B-112 phylotype, an uncultured Acidithiobacillales clone, 
accounted for most of the abundance in the marsh sediments. This phylotype is from the 
Acidithiobacillale family and has been observed in oil contaminated soil (Eglantina Lopez-
Echartea and Yrjälä 2019, Hershey et al. 2018, Marti et al. 2017). The genus Immundisolibacter 
was observed in both Pebble and Emulsion. This genera contains microbes capable of degrading 
HMW PAHs (Corteselli et al. 2017).  
Table 3.3. Relative abundance of genera within Gammaproteobacteria for Pebble, Emulsion, and 
Oil Sediment oil forms. 
Pebble 
Genus Relative Abundance (%) 
KCM-B-112 53.5 
Gammaproteobacteria_unclassified 28.1 
Others 10.8 
C1-B045 5.8 
Immundisolibacter 1.9 
Emulsion 
KCM-B-112 31.2 
Others 30.3 
Gammaproteobacteria_unclassified 27.4 
C1-B045 4.8 
Halothiobacillus 3.2 
Immundisolibacter 3 
Oil Sediment 
KCM-B-112 38.7 
Gammaproteobacteria_unclassified 36.3 
Others 17.4 
Halothiobacillus 2.6 
Photobacterium 2.4 
C1-B045 2.2 
 
In table 3.4, the top abundance genera contained within the Alphaproteobacteria class are 
shown. The relative abundance of Alphaproteobacteria in the Pebble, Emulsion, and Oil Sediment 
oil forms were 14%, 13%, and 10% respectively. Parvibaculum, a genera identified with the 
degradation of alkanes was observed in the marsh sediments (Al-Jawasim et al. 2015, Looper et 
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al. 2013). Moreover, Rhodobacteraceae, was observed in the nearshore sediments. The 
Rhodobacteraceae family have been detected in the oiled sediments (Kostka et al. 2011) 
Table 3.4. Relative abundance of genera within Alphaproteobacteria for Pebble, Emulsion, and 
Oil Sediment oil forms. 
Pebble 
Genus Relative Abundance (%) 
Others 54.6 
Alphaproteobacteria_unclassified 17.4 
Rhodobacteraceae_unclassified 9.7 
Parvibaculum 8.5 
Pelagibius 4.9 
Sphingomonadaceae 4.8 
Emulsion 
Others 56.7 
Rhodobacteraceae_unclassified 12.7 
Parvibaculum 8.5 
Alphaproteobacteria_unclassified 7 
Xanthobacteraceae_unclassified 5.2 
Rhizobiales_unclassified 5 
Rhizobiaceae_unclassified 4.9 
Oil Sediment 
Others 62.7 
Rhodobacteraceae_unclassified 11.7 
Alphaproteobacteria_unclassified 9.5 
Rhizobiaceae_unclasified 5.9 
Rhizobiales_unclassified 5.1 
Sphingomonadaceae_unclassified 5 
 
In table 3.5, the top abundance genera contained within the Alphaproteobacteria class are 
shown. The relative abundance of Deltaproteobacteria in the Pebble, Emulsion, and Oil Sediment 
oil forms were 3.8%, 12%, and 8.1% respectively. Emulsion and Oil Sediment contained the 
genera Desulfatiglans which contain microbes known to degrade aromatic hydrocarbons including 
phenanthrene, a HMW PAH (Jochum, 2018, Shin, 2019). 
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Table 3.5. Relative abundance of genera within Deltaproteobacteria for Pebble, Emulsion, and Oil 
Sediment oil forms. 
Pebble 
Genus Relative Abundance (%) 
Others 48.4 
Desulfobacteraceae_unclassfied 14.8 
Desulfobulbaceae_unclassified 13.2 
Desulfuromusa 6.2 
Syntrophobacteraceae 6.2 
Desulfomonile 6 
Deltaproteobacteria_unclassified 5.1 
Emulsion 
Others 48.3 
Desulfobacteraceae_unclassified 24.1 
Desulfococcus 15 
Desulfatiglans 7.2 
Desulfobulbaceae_unclassified 5.4 
Oil Sediment 
Others 42.1 
Desulfobacteraceae_unclassified 35.8 
Defulfococcus 9.4 
Desulfobulbaceae_unclassified 4.9 
Desulfatiglans 4.7 
Desulfatitalea 3.1 
 
 In order to compare the bacterial structure over time within the respective oil forms, relative 
abundances of taxonomic classes were quantified for each time step (Figure 3.12, 3.13, 3.14). 
There were no statistically significant changes over time in sediment bacterial community structure 
over time for the all oil forms with the exception of Pebble day 33 vs. 63 and Oil Sediment Day 
33 vs. 63 comparisons (𝑝 < 0.005). 
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Figure 3.12. Class-level microbial community profile of the most abundant phylotypes within the 
Pebble oil form over time. Relative abundances are displayed for the top 20 phylotypes the 
remaining are binned into the “others” category. 
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Figure 3.13. Class-level microbial community profile of the most abundant phylotypes within the 
Emulsion oil form over time. Relative abundances are displayed for the top 20 phylotypes the 
remaining are binned into the “others” category. 
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Figure 3.14. Class-level microbial community profile of the most abundant phylotypes within the 
Oil Sediment oil form over time. Relative abundances are displayed for the top 20 phylotypes the 
remaining are binned into the “others” category. 
 
Non-metric multi-dimensional scaling (NMDS) was used to assess the similitude of the 
bacterial populations observed in the pebble, emulsion, and oil sediment oil types. NMDS 
ordination solutions of OTUs classified from 16S rRNA sequencing were plotted in 3-dimensions 
(Figure 3.15). Each of the locations tend to cluster irrespectively of each other with few outliers. 
An analysis of molecular variance was done to evaluate the statistical difference. Comparisons of 
spatial separation between pebble, emulsion, and oil sediment were all statistically significant (𝑝 <0.005). However, there was no statistical difference for spatial separation within the oil forms 
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over time with the exception of Pebble (Day 0 vs Day 63) and Oil Sediment (Day 33 vs 63) (𝑝 <0.005). 
 
Figure 3.15. NMDS analysis of bacterial populations from incubated Bay Jimmy sediment 
samples. 
 
Furthermore, Metastats commands were run on mothur in order to identify which 
phylotypes above 1% abundance are responsible for any statistically significant difference 
observed when making comparisons between the oil forms. The Pebble oil form had 
Mycobacterium at statistically higher levels than the Emulsion oil form (𝑝 < 0.005). 
Mycobacterium is a genera that is known to degrade HMW PAHs (Kanaly and Harayama 2000, 
Kweon et al. 2011, Li et al. 2019). The Emulsion oil form had Desulfococcus and 
Desulfobacteraceae at statistically higher levels than the Pebble oil form (𝑝 < 0.005). 
Desulfococcus is a genera of sulfur-reducing bacteria which is known to degrade alkanes and may 
also degrade aromatic hydrocarbons (Atlas et al. 2015, Miralles et al. 2007, So and Young 1999). 
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Desulfobacteraceae is a family of sulfur-reducing bacteria which are known to degrade LMW 
PAHs such as naphthalene (Kummel et al. 2015). The Oil Sediment oil form had statistically higher 
levels of Desulfobacteraceae compared to the Pebble oil form (𝑝 < 0.005).  
3.3.5. Water Bacterial Community Analysis 
DNA was extracted from the water contained in each tank. A total of 300,729 sequences 
were found in the Day 0 Bay Water. Furthermore, 871,928 sequences were found in the water that 
contained the Pebble oil form. Finally, a total of 899,313 sequences were found in Oil Sediment 
water and 893,447 sequences in Emulsion water. The richness for all oil form water samples at 
class level taxonomy are shown in Figure 3.16. 
 
Figure 3.16. The numbers of OTUs observed (Richness) for the class level taxonomic rank of the 
water extracted samples. 
 
The Simpson diversity index was used to measure diversity at class level taxonomy for all 
water samples (Figure 3.17). The diversity index ranged from 0.62 – 0.79, where values close to 1 
indicate high diversity. 
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Figure 3.17. Simpson index of diversity for all oil form water samples. 
 In order to compare the bacterial community structure for the water which incubated the 
respective oil forms, relative abundances of taxonomic classes were quantified for all water 
samples (Figure 3.18). Gammaproteobacteria and Alphaproteobacteria, are dominant classes in 
all oil forms, Gammaproteobacteria having the largest relative abundance in each of the categories 
for water samples. 
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Figure 3.18. Class-level microbial community profile of the most abundant phylotypes within the 
aquaria water for each of the oil forms as well as bay water. Relative abundances are displayed for 
the top 20 taxa while the others are binned into the “Others” category. 
 
NMDS was used to assess the similitude of the bacterial populations present in the water 
in which the oil types were incubated for the duration of the experiment. NMDS ordination 
solutions of OTUs classified from 16S rRNA sequencing were plotted in 3-dimensions (Figure 
3.19). Each of the locations tend to cluster irrespectively of each other with few outliers. An 
analysis of molecular variance was done to evaluate the statistical difference. Comparisons of 
spatial separation for water samples of Pebble vs. Emulsion, and Pebble vs. Oil Sediment were 
statistically significant (𝑝 < 0.005). However, the comparisons of Emulsion vs, Oil sediment were 
not statistically significant (𝑝 = 0.739).  
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Figure 3.19. NMDS analysis of bacterial populations from incubated Bay Jimmy water samples. 
3.4. Conclusions 
 All oil types had statistically significant decrease in total PAHs (p < 0.05). The Emulsion 
oil type had the highest concentration of total PAHs and the largest decrease over the duration of 
the experiment. In addition, the Emulsion oil type had the highest weathering ratio values 
indicating poor weathering of PAHs. Bacterial communities significantly differed when 
comparing the bulk sediment for each of the oil types. However, when assessing differences in 
bacterial community structure for a single oil form over time there were no statistical differences 
with the exception of pebble day 33 vs. 63, and oil sediment day 33 vs. 63 (p < 0.005). Furthermore, 
Gammaproteobacteria was the dominant phylotype in all oil forms. 
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CHAPTER 4. SUMMARY AND OUTLOOK 
4.1. Experimental Findings and Implications 
 This research is an attempt to understand the next step in the degradation process of MC252 
crude oil contamination present on a marsh shoreline once it has been eroded and moved into the 
adjacent bay area. The study site was examined by analyzing sediment cores for oil contaminants 
and microbial community structure at the shoreface and bay area. Following the field study was 
an attempt to mimic contaminated marsh sediments being introduced to an oxic bay environment 
in a laboratory setting. 
Marsh sediments were highly contaminated with PAHs and alkylated phenanthrenes, 
dibenzothiophenes and chrysenes accounted for majority of the measured PAHs. PAHs were 
detected up to 20 cm depth below the ground surface in the marsh core. Weathering ratios 
increased with depth in the marsh cores indicating poorly weathered oil. The PAHs measured from 
sediment collected in nearshore and offshore locations were close to the detection limit. 
Classes and genera which contain oil degrading bacteria were found in marsh, nearshore, 
and offshore locations. Although, the oil degrading bacteria observed in nearshore and offshore 
sediments had much less relative abundance when compared to the heavily oiled sediment located 
on the marsh surface. The analysis of molecular variance indicated statistically significant 
difference in microbial community observed between marsh, nearshore, and offshore sediment 
samples. There was no significant difference in microbial community when comparing cores taken 
along the same transect location. 
PAHs were detected in all three oil forms collected from the marsh shoreline: emulsion, 
pebble and oil sediments. Alkylated phenanthrenes, dibenzothiophenes and chrysenes accounted 
for the majority of measured PAHs. Furthermore, measureable weathering of MC252 oil was 
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observed in all oil forms throughout the sampling periods of the lab experiment. The emulsion 
type had the highest level of total PAHs and the most decrease in PAHs by the end of the 
experiment. The pebble type had the least amount of total PAHs as well as the smallest decrease 
by the end of the experiment. However, decrease in PAHs were significant for all oil forms. 
Classes and genera of oil-degrading bacteria were present in the microbial communities 
observed in each oil form. Furthermore, the microbial communities significantly differed between 
pebble, emulsion, and oiled sediment, although, Gammaproteobacteria was the dominant 
phylotype in all oil forms. The analysis of the microbial communities within each oil form over 
time revealed that there were no statistically significant changes over the sampling periods with 
only a few exceptions.  
4.2. Future Research 
Oil spills will continue to affect ecosystems across the globe with the gulf region as no 
exception. Therefore, an understanding of the oil degrading microbes and coastal processes 
responsible for transporting and breaking down contaminants is imperative. Spiking sediments 
from nearshore and offshore locations collected in Chapter 2 with oil and later analyzing the 
microbial community can give insight to whether the bay sediments can increase the abundance of 
oil degrading microbial populations when high concentrations of oil are introduced. In addition, 
further investigations of sediment transport due to flushing of these bays is needed to have a better 
understanding whether these eroded contaminated sediment are deposited or carried elsewhere 
(Feng and Li 2010).  
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APPENDIX A. PHOTOGRAPHS 
  
Figure A.1. Offshore dialysis sample before being deployed (7/12/17) and after being recovered 
(9/18/17). 
 
       
Figure A.2. Core extrusion and oil extraction bottles.  
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Figure A.3. Marsh shoreline during study site visit for oil form sampling (5/14/2018) 
 
 
Figure A.4. Biofilm forming in emulsion tank 
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APPENDIX B. PAH DATA 
Table B.1. Weathering ratios for the sections of each marsh sediment core. 
Depth 
(in) 
Sample 
ID 
Phen/Phen+crys       
Dibenz/Dibenz+crys 
1.25 a1M 0.35099 0.14852022 
2.5 b1M 0.82132 0.5400784 
3.75 c1M 0.89698 0.63644366 
5 d1M 0.93660 0.67476976 
6.25 e1M 0.94434 0.74518774 
1.25 a2M 0.64000 0.21739130 
2.5 b2M 0.52590 0.14883720 
3.75 c2M 0.44110 0.108 
5 d2M 0.74606 0.43090529 
6.25 e2M 0.62179 0.38691868 
7.5 f2M 0.72984 0.43123604 
1 a3M 0.38885 0.10658578 
2 b3M 0.3786 0.07554296 
3 c3M 0.73337 0.41917736 
4 d3M 0.90297 0.62990377 
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APPENDIX C. MICROBIAL DATA 
Table C.1. AMOVA comparison for sediment cores. 
Comparison P-Value 
Core 1 vs. Core 2 0.314 
Core 1 vs. Core 3 0.044 
Core 1 vs. Core 4** <0.005 
Core 1 vs. Core 5** <0.005 
Core 1 vs. Core 6 0.006 
Core 1 vs. Core 7 0.007 
Core 1 vs. Core 8 0.009 
Core 1 vs. Core 9** <0.005 
Core 2 vs. Core 3 0.089 
Core 2 vs. Core 4** <0.005 
Core 2 vs. Core 5** <0.005 
Core 2 vs. Core 6** <0.005 
Core 2 vs. Core 7** <0.005 
Core 2 vs. Core 8** <0.005 
Core 2 vs. Core 9** <0.005 
Core 3 vs. Core 4 ** 0.005 
Core 3 vs. Core 5** 0.005 
Core 3 vs. Core 6 ** <0.005 
Core 3 vs. Core 7 0.007 
Core 3 vs. Core 8 0.008 
Core 3 vs. Core 9 0.006 
Core 4 vs. Core 5 0.006 
Core 4 vs. Core 6 0.442 
Core 4 vs. Core 7** <0.005 
Core 4 vs. Core 8** <0.005 
Core 4 vs. Core 9 0.011 
Core 5 vs. Core 6 0.007 
Core 5 vs. Core 7** <0.005 
Core 5 vs. Core 8** <0.005 
Core 5 vs. Core 9 0.042 
Core 6 vs. Core 7** <0.005 
Core 6 vs. Core 8** <0.005 
Core 6 vs. Core 9 0.046 
Core 7 vs. Core 8 0.126 
Core 7 vs Core 9 0.090 
Core 8 vs. Core 9 0.225 
*Marsh, Core 1-3. Nearshore, Core 4-6. Offshore, Core 6-9. **Statistically significant 
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Table C.2. AMOVA comparison for Sediment Bacterial Community Analysis 
Comparison P Value 
Pebble - Day 0 vs Day 33 0.088 
Pebble - Day 0 vs Day 63 0.487 
Pebble - Day 0 vs Day 134 0.354 
Pebble - Day 33 vs Day 63 <0.005 
Pebble - Day 33 vs Day 134 0.039 
Pebble - Day 63 vs Day 134 0.26 
Emulsion- Day 0 vs Day 33 0.712 
Emulsion - Day 0 vs Day 63 0.027 
Emulsion - Day 0 vs Day 134 0.092 
Emulsion - Day 33 vs Day 63 0.052 
Emulsion - Day 33 vs Day 134 0.092 
Emulsion - Day 63 vs Day 134 0.026 
Oil Sediment - Day 0 vs Day 33 0.492 
Oil Sediment - Day 0 vs Day 63 0.121 
Oil Sediment - Day 0 vs Day 134 0.28 
Oil Sediment - Day 33 vs Day 63 <0.005 
Oil Sediment - Day 33 vs Day 134 0.096 
Oil Sediment - Day 63 vs Day 134 0.009 
 
Table C.3. AMOVA comparison for Water Bacterial Community Analysis 
Comparison P Value 
Pebble - Day 0 vs Day 43 0.092 
Pebble - Day 0 vs Day 134 0.123 
Pebble - Day 43 vs Day 134 0.075 
Emulsion- Day 0 vs Day 43 0.093 
Emulsion - Day 0 vs Day 134 0.096 
Emulsion - Day 43 vs Day 134 0.1 
Oil Sediment - Day 0 vs Day 43 0.101 
Oil Sediment - Day 0 vs Day 134 0.104 
Oil Sediment - Day 43 vs Day 134 0.096 
*Pebble vs Emulsion 0.004 
*Pebble vs Oil Sediment 0.001 
*Emulsion vs Oil Sediment 0.739 
*These are the comparisons of Pebble(day 43 and 134) vs Emulsion(day 43 and 134) etc. 
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